We explore the potential of combining the advantages of multiple-input multiple-output (MIMO)-based spatial multiplexing with those of orbital angular momentum (OAM) multiplexing to increase the capacity of free-space optical (FSO) communications. We experimentally demonstrate an 80 Gbit/s FSO system with a 2 × 2 aperture architecture, in which each transmitter aperture contains two multiplexed data-carrying OAM modes. Inter-channel crosstalk effects are minimized by the OAM beams' inherent orthogonality and by the use of 4 × 4 MIMO signal processing. Our experimental results show that the bit-error rates can reach below the forward error correction limit of 3.8 × 10 −3 and the power penalties are less than 3.6 dB for all channels after MIMO processing. This indicates that OAM and MIMO-based spatial multiplexing could be simultaneously utilized, thereby providing the potential to enhance system performance.
We explore the potential of combining the advantages of multiple-input multiple-output (MIMO)-based spatial multiplexing with those of orbital angular momentum (OAM) multiplexing to increase the capacity of free-space optical (FSO) communications. We experimentally demonstrate an 80 Gbit/s FSO system with a 2 × 2 aperture architecture, in which each transmitter aperture contains two multiplexed data-carrying OAM modes. Inter-channel crosstalk effects are minimized by the OAM beams' inherent orthogonality and by the use of 4 × 4 MIMO signal processing. Our experimental results show that the bit-error rates can reach below the forward error correction limit of 3.8 × 10 −3 and the power penalties are less than 3.6 dB for all channels after MIMO processing. This indicates that OAM and MIMO-based spatial multiplexing could be simultaneously utilized, thereby providing the potential to enhance system performance. Free-space optical (FSO) communications can provide an alternate solution for a variety of line-of-sight applications [1] [2] [3] [4] . Given the rapid growth in bandwidth demand, there is interest in utilizing advanced multiplexing techniques to achieve an increase in data capacity in an FSO system [5, 6] . In addition to wavelength division multiplexing and polarization division multiplexing, the use of multiplexing in the spatial domain has attracted a fair amount of attention [7] [8] [9] .
One potential approach for spatial multiplexing is to use a set of orthogonal optical modes [7, 8] . Such a system transmits multiple coaxially propagating spatial modes, each carrying an independent data stream through a single aperture pair, thereby increasing the system capacity by the number of transmitted modes. An orthogonal spatial modal basis set that has the potential for multiplexing is orbital angular momentum (OAM) [8, 10, 11] . OAM modes with different l values (l is an unbounded integer) are mutually orthogonal, which allows them to be efficiently (de)multiplexed with low intermodal crosstalk and helps avoid the use of multiple-input multipleoutput (MIMO) processing at the receiver [10] . Compared to other modal sets that could be used for multiplexing, OAM modes could offer the potential advantage of being conveniently matched to many optical subsystems due to their circular symmetry. Previous reports have shown the potential of using OAM multiplexing for high-capacity data transmission [8, 9, 12] .
Another approach for simultaneously transmitting multiple independent data streams is to use MIMO-based spatial multiplexing, for which multiple aperture elements are employed at the transmitter/receiver [13, 14] . As a well-established technique in radio wireless systems [13] [14] [15] , this approach could provide capacity gains relative to single aperture systems and increase link robustness for FSO communications [16, 17] . In such a system, each data-carrying beam is received by multiple spatially separated receivers and MIMO signal processing is critical for reducing the crosstalk among channels and thus allows data recovery [14] .
Under certain design trade-offs and limitations, the above two forms of spatial multiplexing could be simultaneously utilized to distribute the spatial degrees of freedom of an FSO system [18] , thereby providing system design flexibility and enhancing system performance. Meanwhile, the number of either OAM modes or MIMO apertures can be reduced to achieve the same total capacity when compared to systems using either one technique. This could alleviate the following possible issues: (i) MIMO signal processing becomes more onerous for MIMO-based spatial multiplexing as the number of aperture elements increases [14] [15] [16] [17] , and (ii) the detection of higher-order OAM modes presents a challenge for the receiver because OAM beams with larger l values diverge more during propagation [10, 19] . Therefore, the achievable number of data channels for each type of multiplexing technique might be limited, and achieving a larger number of channels by using any one approach might be significantly more difficult.
In this Letter, we experimentally demonstrate an 80 Gbit/s FSO link using OAM multiplexing combined with MIMObased spatial multiplexing. We implement a spatial multiplexing link with a 2 × 2 aperture architecture, each transmitter aperture containing multiplexed OAM beams with l 1 and 3. The OAM beams from one transmitter aperture spatially overlap those from the other apertures at the receiver aperture planes, resulting in crosstalk between noncoaxial OAM channels. A 4 × 4 MIMO digital signal processing (DSP) is used to mitigate the channel crosstalk. Our experimental results show that the bit-error rates (BERs) for all channels can reach below 3.8 × 10 −3 after MIMO processing, indicating the two spatial multiplexing techniques could be simultaneously utilized.
The system concept depicted in Fig. 1 consists of N transmitter/receiver aperture pairs arranged in a uniform structure (e.g., rectangular). Each of the transmitter apertures T i i 1; 2; …; N transmits M multiplexed OAM beams, resulting in a total number of N M OAM data channels. We note that other aperture arrangements including linear or circular structures can also be used. The overlap between OAM beams from different transmitter apertures increases with the transmission distance. The N receiver apertures R i i 1; 2…; N are used to capture the fields transmitted from the N transmitter apertures. The channel transfer matrix H , between N M OAM channels can be written as [ 
where h i;j is an M × M matrix depicting the transfer function between OAM channels from aperture T j to R i . Ideally, h i;i is a diagonal matrix resulting from the orthogonality among the M transmitted coaxial OAM channels. H is determined by the overlap between OAM beams at the receiver, which is directly related to the propagation distance and transmitter/ receiver aperture spacing. The total crosstalk of each OAM channel can be estimated from H . In order to mitigate interchannel crosstalk, N M × N M MIMO processing is employed at the receiver. Given that H is symmetric and has N diagonal M × M submatrices along its main diagonal line, a smaller number of other channels needs to be considered when equalizing a specific channel in MIMO processing. This might indicate a potentially lower computation complexity [14, 15] . We demonstrate below a proof-of-concept experiment using a 2 × 2 aperture architecture (N 2), each aperture containing two multiplexed OAM beams (M 2). The experimental setup is presented in Fig. 2(a) . The 20 Gbit/s quadrature phase-shift keying (QPSK) signal at 1550 nm is split into four copies. Two of the four signal beams, each of which is delayed using a single-mode fiber (SMF), are converted into two OAM beams with l 1 and 3 using spatial light modulators (SLMs). These two OAM beams at 1550 nm are spatially multiplexed using a beam splitter and transmitted through a transmitter aperture T 1 . The beam sizes are 3.3 mm for OAM beams l 1 and 4.5 mm for l 3. Similarly, another OAM transmitter with aperture T 2 is built symmetrically. The resulting beams from T 1 and T 2 propagate toward their corresponding receiver apertures R 1 and R 2 located at a distance of ∼1 m and partially overlap one another at the receiver due to beam divergence. The separation distance between T 1 and T 2 is ∼11 mm.
In the receiver that is located on the same table, the two OAM beams from T 1 or T 2 are demultiplexed using SLMs and each OAM beam is converted into a Gaussian-like beam (l 0). Each of the four beams is then coupled into an SMF and sent for heterodyne detection, in which each channel is combined with a local oscillator (LO) and detected by a photodiode (PD). The LO's wavelength is set to ∼10 GHz away from the signal wavelength. The four signals after PDs are simultaneously sampled by a four-channel real-time scope with a sampling rate of 40 Gsample/s on each channel and recorded for offline DSP. The procedures of the DSP are depicted in Fig. 2(b) . Each of the four sequences (from channels l 1 and l 3 of R 1 and R 2 ) is converted to the frequency domain and then bandpass filtered, followed by a 10 GHz frequency shift to baseband. The signals are then converted back to time domain and down-sampled to two samples per symbol.
A MIMO equalizer based on the constant modulus algorithm (CMA) is employed to mitigate crosstalk between the four channels [20, 21] . For a 4 × 4 MIMO system, the equalizer includes 16 adaptive finite-impulse-response (FIR) filters each with a tap number of K [20] [21] [22] [23] . The tap number K in each FIR filter is set to be 51, which is enough to cover the differential time delays among each channel. Figure 3 shows the converged tap weights of the 16 FIR filters. As an example, Fig. 3(a) illustrates the tap weights of four FIR filters (w 11 , w 21 , w 31 , and w 41 ) used to generate the equalized outputs for channel l 1 of R 1 . We see that for the equalization of a specific channel, the tap weights of the FIR filters corresponding to its coaxial OAM channel are low (less than 0.1, generally), due to the negligible crosstalk resulting from OAM beam orthogonality. After equalization, frequency offset estimation and carrier phase recovery are applied to recover the signals, and the BERs are evaluated for all channels.
The power leakage and crosstalk between all OAM channels are shown in Table 1 . The power leakage is measured in the following way: we first transmit a signal over OAM l 1 in T 1 while all the other channels (OAM l 3 in T 1 and OAM l 1∕l 3 in T 2 ) are off. We then record the received power for each channel (OAM l 1 and l 3 for both R 1 and R 2 ). The above measurements are repeated for all transmitted OAM channels until a full 4 × 4 power transfer matrix is obtained, from which the total crosstalk of a specific channel can be calculated. We observe that the crosstalk between coaxial OAM channels is below −20 dB and major power transfer occurs among noncoaxial channels, as expected, due to the beam overlap between noncoaxial modes. We note that this transfer matrix is directly related to the convergent tap weights of MIMO processing shown in Fig. 3 . Figure 4 shows the BERs as a function of optical signal-tonoise ratio (OSNR) for two l 1 channels from T 1 and T 2 when l 3 channels are off. The BER curve for the backto-back (B2B) heterodyne case is also provided as a benchmark. The mutual crosstalk values between the two channels are −12.1 dB and −10.3 dB, as shown in Table 1 . We see that with a 2 × 2 MIMO signal processing, the power penalties at the forward error correction (FEC) limit of 3.8 × 10 −3 with respect to the B2B case are reduced from 5.3 dB, 8.4 dB to 1.1 dB and 3.7 dB for the two l 1 channel, respectively. Figure 4 also depicts BERs of channels l 1 and l 3 in T 1 when T 2 is off and in T 2 when T 1 is off, for which there is no crosstalk from the T 2 or T 1 channels. The power penalties are observed to be less than 2.7 dB. Figure 5 shows the BERs for all four channels with and without 4 × 4 MIMO processing when both T 1 and T 2 are turned on. We see that without MIMO processing, all BERs are above the FEC limit when the OSNR is smaller than 34 dB and the BER curves exhibit the "error floor" phenomenon due to the strong crosstalk. After MIMO processing, all channel BERs dramatically decrease, reaching below 3.8 × 10 . The power penalties of all channels, compared to the B2B case, are below 3.6 dB. The received constellations of the QPSK signal and corresponding error vector magnitudes (EVMs) for all four channels are shown in Fig. 6 , further illustrating this improvement. We see that channels l 1 in T 1 and l 3 in T 2 without MIMO processing have larger EVMs than their R 2 ) , and Ch4 (l 3 in R 2 ), respectively. Fig. 4 . Measured BERs for two l 1 channels from T 1 and T 2 (l 3 channels are off ) and for channels l 1 and l 3 in R 1 (T 2 is off ) and in R 2 (T 1 is off).
counterparts, due to larger crosstalk values, as shown in Table 1 . We observe that the constellations become better defined after MIMO processing. Our experiment is performed in a laboratory setting with no atmospheric turbulence effects. We believe that our scheme could be potentially scaled to a larger number of aperture pairs and OAM channels over a practical longer distance through careful system design. In general, the number of aperture pairs N and the number of OAM beams M in each aperture that can be accommodated are limited by various factors, including system spatial dimensions [13] [14] [15] , aperture sizes, and channel conditions. Given a fixed transmitter and receiver aperture size, a larger OAM l value results in a larger beam size at the receiver such that the recovered power decreases. Additionally, atmospheric turbulence may present a critical issue for long-distance scenarios, in which turbulence effects might severely limit system performance [24, 25] . In this case, turbulence mitigation approaches, such as adaptive optics compensation, might be required [26, 27] . 
